Abstract. We discuss a model for the energy source of gamma-ray burst which is based on the "delayed conversion" of a metastable pure hadronic compact star ("neutron star") to a quark star (hybrid star or strange star).
Introduction
Due to the asymptotic freedom property of quantum chromodynamics (QCD), strong interacting matter at high temperature or/and density should be described in terms of quark and gluon degrees of freedom (Quark Gluon Plasma phase, QGP) rather than hadronic degrees of freedom (hadronic phase). A very schematic picture of the QCD phase diagram is shown in Fig. 1 . Lattice calculations at zero baryon chemical potential (zero baryon density) suggest that at high temperature, for physical values of the quark masses, the transition to QGP is a "crossover" [1, 2] rather than a phase transition (which would be signaled by singularities in the thermodynamic observables). At high baryon chemical potential, many QCD inspired models suggest the transition to be a first order phase transition [3, 4] . In this region many possible color superconducting phases of quark matter are expected [5, 6, 7, 8, 9] .
Neutron stars, the compact remnants of supernova (SN) explosions, can be viewed as a natural laboratory to test the low temperature and high baryon chemical potential region of the QCD phase diagram. In fact, neutron star structure calculations, based on a large variety of modern equations of state (EOS) of hadronic matter, predict a maximum stellar central density (the one for the maximum mass star configuration) in the range of 4 -8 times the saturation density (ρ 0 ∼ 2.8 × 10 14 g cm −3 ) of nuclear matter. Thus the core of a neutron star is one of the best candidates in the universe where a deconfined phase of strong interacting matter could be found.
In this paper, we explore some of the most exciting consequences of the quark deconfinement phase transition in neutrons stars. Particularly, we show [10, 11, 12, 13] that above a threshold value of the stellar mass (stellar central pressure) a neutron star is metastable to the "decay" (conversion) to a compact star containing quark matter (a hybrid star or a strange star). The mean lifetime of the metastable configuration dramatically depends on the value of the stellar central pressure. The stellar conversion process liberates an enormous amount of energy (of the order of a few 10 53 ergs [14] ) which could cause a second delayed explosion 1 . Under favourable physical conditions this second explosion could be the energy source of a powerful gamma-ray burst (GRB) [11, 12, 13] . Thus this scenario is able to explain the inferred "delayed" connection between SN explosions and GRBs [16, 17, 18] . 
Classification of neutron stars
The possible presence of quark matter (QM) in neutron stars was realized soon after the introduction of quarks as the fundamentals constituents of hadrons [19] , and since then this possibility has been widely explored (see e.g. [20, 21, 22, 23] and references therein quoted).
Compact stars which possess a quark matter core, either as a mixed phase of deconfined quarks and hadrons or as a pure QM phase, are called hybrid stars (HySs). In the following of this paper, the more traditional neutron stars in which no fraction of QM is present, will be referred to as pure hadronic stars (HSs). A more exotic alternative to the existence of hybrid stars, is the conceivable existence of self-bound compact stars consisting completely of a mixture of up (u), down (d) and strange (s) quarks (together with an appropriate number of electrons to guarantee electrical neutrality) satisfying the Bodmer-Terazawa-Witten (BTW) hypothesis [24] . These stars have been called strange stars (SSs) [25] , and their constituent matter as strange quark matter (SQM) [26] . Some indirect observational evidence for the possible existence of strange stars has been given in ref. [27, 28, 29, 30] . In the following, we will refer to hybrid stars and strange stars collectively as quark stars (QSs). Compact stars of each of the two classes (HSs and QSs) could be endowed with strong magnetic fields and could manifest their presence in the universe as pulsars or compact X-ray sources in binary systems.
Quantum nucleation of quark matter in hadronic stars
In the following we assume the quark deconfinement transition to be a first order phase transition [3, 4] . In our astrophysical scenario, we consider a pure HS whose central pressure (density) is increasing due to spin-down or due to mass accretion, e.g., from the material left by the supernova explosion (see Fig. 5 ), or from a companion star. As the central pressure exceeds a threshold value P * 0 , the hadronic matter at the center of the star will be in a metastable (supercompressed) state, which could decay to the stable quark matter phase. This threshold point (static transition point) for the metastability of the hadronic phase can be determined using the Gibbs' criterion for phase equilibrium
or during the early stages of the evolution of the new born neutron star [15] . 
ε Q * (ε H ), P Q * (P H ) and n b,Q * (n b,H ) denote respectively the total (i.e., including leptonic contributions) energy density, the total pressure and baryon number density for the quark (hadron) phase. The kinetic process that could form the new phase at zero temperature is quantum nucleation. In this process, the formation of a real spherical drop (with radius R) of the new phase can be realized only as a results of the quantum penetration of the energy barrier
separating the metastable hadronic phase from the stable quark phase. The volume energy coefficient in Eq. (3) is proportional to the difference between the Gibbs free energy per baryon in the two phases at a fixed pressure P Q * = P H . The second term in Eq. (3) constitutes the drop surface energy, with σ being the surface tension for the surface separating the quark phase from the hadronic phase. The value of the surface tension σ is poorly known, and typical values used in the literature range within 10-50 MeV/fm 2 [31, 32] . Finally, the third term in Eq. (3), E curv = 8πγR, is the so called curvature energy.
A virtual (sub-critical) droplet of deconfined QM moves back and forth in the potential energy well separating the two matter phases on a time scale ν −1 0 ∼ 10 −23 seconds, which is set by the strong interactions. This time scale is many orders of magnitude shorter than the typical time scale for the weak interactions, therefore quark flavor must be conserved during the early stages of the deconfinement transition. We will refer to this form of deconfined matter, in which the flavor content is equal to that of the β-stable hadronic system at the same pressure, as the Q*-phase [12] . Soon afterwards a real (critical-size) drop of QM is formed, the weak interactions will have enough time to act, changing the quark flavor fraction of the deconfined droplet to lower its energy, and a droplet of β-stable SQM is formed (hereafter the Q-phase). Subsequently this drop of Q-matter will grow very rapidly and the original HS will be converted to a hybrid star or to a strange star, depending on the detail of the EOS for quark matter employed to model the phase transition.
To describe the hadronic phase, we use a model based on a relativistic lagrangian of hadrons interacting via the exchange of σ, ρ and ω mesons. Particularly, we use the GlendenningMoszkowski (GM) EOS [33] . For the quark phase we use the phenomenological EOS of ref. [26] which is based on the MIT bag model for hadrons. The parameters here are: the quark masses (m u , m d , m s ), the bag constant B and the QCD structure constant α s . In the present work, we take m u = m d = 0, m s = 150 MeV and α s = 0
To calculate the nucleation time τ , i.e., the time needed to form the first critical droplet of deconfined QM in the hadronic medium, one can use the relativistic quantum nucleation theory [32] . The nucleation time τ , can be calculated for different values of the stellar central pressure P c . In Fig. 3 , we plot τ as a function of the gravitational mass M HS of the HS corresponding to the given value of the central pressure, as implied by the solution of the stellar structure equations in general relativity [34] for the pure HS sequences. Each curve refers to a different value of the bag constant and surface tension σ. As we can see, from the results in Fig. 3 , a metastable hadronic star can have a mean-life time many orders of magnitude larger than the age of the universe T univ = (4.32 ± 0.06) × 10 17 s. As the star accretes a small amount of mass (of the order of a few per cent of the mass of the sun), the consequential increase of the central pressure leads to a huge reduction of the nucleation time and, as a result, to a dramatic reduction of the HS mean-life time.
To summarize, pure hadronic stars having a central pressure larger than the static transition pressure P * 0 for the formation of the Q*-phase are metastable to the "decay" (conversion) to a more compact stellar configuration in which deconfined QM is present (HyS or SS). These metastable HS have a mean-life time which is related to the nucleation time to form the first critical-size drop of deconfined Q*-matter in their interior 2 . We define as critical mass M cr of the metastable HS, the value of the gravitational mass for which the nucleation time is equal to one year: M cr ≡ M HS (τ =1 yr). Pure hadronic stars with M H > M cr are very unlikely to be observed. M cr plays the role of an effective maximum mass for the hadronic branch of compact stars. While the Oppenheimer-Volkov maximum mass [34] M HS,max is determined by the overall stiffness of the EOS for hadronic matter, the value of M cr will depend in addition on the bulk properties of the EOS for quark matter and on the properties at the interface between the confined and deconfined phases of matter (e.g., the surface tension σ and the curvature coefficient γ).
In Fig. 4 , we show the mass-radius (MR) curve for pure HSs within the GM1 model [33] for the EOS of the hadronic phase, and that for hybrid or strange stars for different values of the bag constant B. The configuration marked with an asterisk on the hadronic MR curves represents the HS for which the central pressure is equal to P * 0 and τ = ∞. The full circle on the HS sequence represents the critical mass configuration, in the case σ = 30 MeV/fm 2 and γ = 0. The full circle on the HyS (SS) mass-radius curve represents the hybrid (strange) star which is formed from the conversion of the hadronic star with M HS =M cr . We assume that during the stellar conversion process the total number of baryons in the star (i.e. the stellar baryonic mass) is conserved. Thus the total energy liberated in the stellar conversion is given [14] by the difference between the gravitational mass of the initial hadronic star (M in ≡ M cr ) and that of the final hybrid or strange stellar configuration M fin ≡ M QS (M b cr ) with the same baryonic mass:
The stellar conversion process, described so far, will start to populate the new branch of quark stars (the part of the QS sequence plotted as a continuous curve in Fig. 4) . Long term accretion on the QS can next produce stars with masses up to the limiting mass M QS,max for the quark star configurations. Figure 5 . A schematic representation of the last stages of the evolution of a massive (M ≥ 8M sun ) star leading to a delayed conversion of a pure hadronic star to a quark star (hybrid or strange star), and to the emission of a gamma-ray burst. Clockwise from the upper left corner of the figure: (i) nuclear burning stage of the progenitor star; (ii) supernova explosion and birth of a pure hadronic star ("neutron star"); (iii) mass accretion on the metastable hadronic star; (iv) conversion process of the hadronic star to a quark star (second "explosion") and GRB.
Quark Deconfinement Nova and GRBs
A mounting number of observational data [16, 17, 18, 35, 36, 37, 38] suggest a clear connection between supernova (SN) explosions and long-duration GRBs. In particular, the detection of X-ray spectral features in the X-ray afterglow of several GRBs, has given evidence for a possible time delay between the SN explosion and the associated GRB. For GRB 990705 the supernova explosion is evaluated [16] to have occurred a few years before the GRB, a few months before the burst [17] in the case of GRB 020813, while for GRB 011211 about four days before the burst [18] .
These findings demand for a two-step explosion mechanism. The first event, in this scenario, is the SN explosion which forms a compact stellar remnant, i.e. a neutron star (NS); the second catastrophic event is associated with the NS and it is the energy source for the observed GRB.
These new observations, and the two-step scenario outlined above, poses severe problems for most of the current models for the central energy source of GRBs. The main difficulty of all these models is to understand the origin of the second "explosion", and to explain the long time delay between the two events.
In the supranova model [39] for GRBs the second catastrophic event is the collapse to a black hole of a supramassive neutron star, i.e. a fast rotating NS with a baryonic mass above the maximum baryonic mass for non-rotating configurations. In this model, the time delay between the SN explosion and the GRB is equal to the time needed by the fast rotating new born NS to get rid of angular momentum and to reach the limit for instability against quasi-radial modes where the collapse to a black hole occurs [40] .
The delayed stellar conversion process, described so far, represents the second "explosion" -the Quark Deconfinement Nova (QDN) -in the two-step scenario proposed by the authors of ref. [11] to explain the delayed SN-GRB connection. The total energy (E conv ) liberated during the stellar conversion is in the range [12] 0.5-1.7×10 53 erg. This huge amount of energy will be mainly carried out by the neutrinos produced during the stellar conversion process. It has been shown [41] that near the surface of a compact stellar object, due to general relativity effects, the efficiency of the neutrino-antineutrino annihilation into e + e − pairs is strongly enhanced with respect to the Newtonian case, and it could be as high as 10%. The total energy deposited into the electron-photon plasma can therefore be of the order of 10 51 -10 52 erg.
The strong magnetic field of the compact star will affect the motion of the electrons and positrons, and in turn could generate an anisotropic γ-ray emission along the stellar magnetic axis. This picture is strongly supported by the analysis [42] of the early optical afterglow for GRB 990123 and GRB 021211. Moreover, it has been recently shown [43] that the stellar magnetic field could influence the velocity of the "burning front" of hadronic matter into quark matter. This results in a strong geometrical asymmetry of the forming quark matter core along the direction of the stellar magnetic axis, thus providing a suitable mechanism to produce a collimated GRB. Other anisotropies in the GRB could be generated by the rotation of the star.
In summary, the present scenario [10, 11, 12, 13] implies, as a natural consequence a two step-process which is able to explain a delayed connection between SN explosions and GRBs, giving also the correct energy to power GRBs. It is important to stress that the second explosion (QDN) take place in a "baryon-clean" environment due to the previous SN explosion. Moreover, it is possible to have different time delays between the two events since the mean-life time of the metastable hadronic star depends on the value of the stellar central pressure. Thus the present model is able to interpret a time delay of a few years (as inferred [16] for GRB 990705), of a few months (as in the case [17] of GRB 020813), of a few days (as deduced [18] for GRB 011211), or the nearly simultaneity of the two events (as in the case [38] of SN2003dh and GRB 030329).
